A radion in a scenario with a warped extra dimension can be lighter than the Higgs boson, even if the Kaluza-Klein excitation modes of the graviton turn out to be in the multi-TeV region.
I. INTRODUCTION
The Large Hadron Collider (LHC) data from the √ s = 7 and 8 TeV runs analyzed by the ATLAS [1] and CMS [2] Collaborations have more or less confirmed a scalar particle whose properties agree with those of the Standard Model (SM) Higgs boson. Although more analyses are needed to confirm it to be purely the SM Higgs with exact SM like couplings, the question as to whether the SM is the final theory is still very much open.
Issues ranging from the naturalness of the Higgs mass to the dark matter content of the universe suggest physics beyond the standard model (BSM). This has prompted physicists to look for new particles or symmetries around the TeV scale. The lack of new physics signals at the LHC may carry the message that we have to seek somewhat higher scales to see BSM physics, especially if it exists in one of the currently popular forms. That, in turn, has led to conjectures about new physics above 1 TeV, which can still address the naturalness issue, albeit with some degree of fine-tuning. In the process, however, a question that is perhaps not being asked with sufficient emphasis is: could new physics, for a change, lie hidden at a relatively low mass scale, not yet discovered just because of experimental difficulties in unraveling it? We address one such instance in this paper.
In this context, one BSM scenario which catches one's imagination is one with a warped extra space-like dimension, first proposed by Randall and Sundrum (RS). The RS model provides an elegant explanation of the large hierarchy between the electroweak scale (100 GeV -1 TeV) and the Planck scale (10 19 GeV) in terms of an exponential damping of the gravitational field across a small compact fifth dimension, without invoking unnaturally large numbers [3] . This is achieved through a non-factorizable geometry with an exponential warp factor, whereas the additional spatial dimension is compactified on a S 1 /Z 2 topology which corresponds to a once-folded circle, with two D 3 -branes sitting at the orbifold fixed points. The original RS model is based on the assumption that the SM fields are localized on one of the D 3 -branes (called the visible brane, at y = r c π, where r c is the radius of the compact dimension and y is the co-ordinate along that dimension) and only gravity propagates in the bulk. Compactification results in a massless state and a tower of massive modes of the spin-2 graviton on the visible brane. While resonant production and decays of the massive graviton are rather spectacular phenomena, the absence of such signals has pushed the lower limit on the massive modes to about 2.7 TeV [4] .
The radius of the extra dimension in the RS model is assumed to be fixed by a given constant and needs stabilizing against quantum fluctuations parametrized by a scalar field (ϕ(x)), viz. the radion. Goldberger and Wise [5] proposed a mechanism to understand the possible mechanism for radius stabilization by showing that a bulk scalar field propagating in the warped geometry can generate a potential for this radion field and in the same process, dynamically generate a vacuum expectation value (vev) for ϕ(x) required to stabilize the radius to the constant value needed to address the hierarchy of the EW scale and the Planck scale. Its mass, however, can be much lighter than those of the massive gravitons [6] . The radion coupling to SM fields is governed by its vev, Λ ϕ (≃ TeV) and the trace of the energy-momentum tensor (T µ µ ) [7] . At LEP, such a light radion could have been produced via e + e − → Zϕ. The production mode in this channel is however found to be suppressed for Λ ϕ > 1.0 TeV and hence, a radion as light as 50 -100 GeV with Λ ϕ ≃ 2 − 3 TeV, is still allowed by LEP data [9, 10] .
The radion can in principle mix with the Higgs boson through terms consistent with general covariance. The phenomenology of such a mixed state has been considered in detail in the literature [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and more recently has been re-investigated [21] [22] [23] [24] [25] [26] [27] in light of the discovery of the ∼ 125 GeV scalar resonance at LHC. Similarly, the phenomenology of the simpler scenario of an unmixed radion, too, has been studied quite thoroughly [28, [30] [31] [32] [33] [34] .
In this work we restrict ourselves to the unmixed scenario such that the scalar resonance observed at LHC is a pure SM Higgs boson (h). We concentrate on identifying the most promising signals for an unmixed light radion (m ϕ < m h ), which could provide the first observable signals for models of extra spatial dimensions with warped geometry. Our results can be very easily generalized to the mixed scenario as well, and are also applicable to extensions of the RS model where the SM fields propagate in the bulk. We focus primarily on the following interesting highlights of a light radion signal at the LHC:
• An unmixed radion lighter than the 125 GeV Higgs can have appreciable production cross section for allowed values of the vev (2 TeV < Λ ϕ < 3 TeV), primarily through gluon fusion. A factor that contributes to this, namely, the trace anomaly contribution, boosts the loop induced decay modes of the radion into a pair of massless gauge bosons. This can partially compensate for the Λ ϕ suppressions in its couplings to SM particles.
• A light radion with mass below 100 GeV is not ruled out by any experiments [35] . We show that the channel (γγ) which helped discover the SM Higgs with the maximum significance would also be the most promising channel for such a light radion at the LHC.
• The radion loop-induced decay mode (γγ) also acquires an enhancement from the trace anomaly (which interferes constructively with the dominant W boson mediated loop amplitude) and yields a reasonably healthy, albeit small diphoton branching rate for radion masses below 120 GeV.
One must note that the radion signal depends crucially on the value of Λ ϕ which suppresses the effective coupling of the radion to SM fields as the couplings are inversely proportional to the value of Λ ϕ . Current constraints on the KK excitations of the spin-2 graviton already put a lower bound on the value of the Λ ϕ [4] .
For a radion of mass ≃ 100 GeV and lower, the dominant decay modes are gluon-gluon and bb, while the branching ratios into W W * /ZZ * are suppressed. The signal arising from bb and gg are beset with large QCD backgrounds, even if we consider various associated production channels. Thus, with the enhanced gg fusion as the production mode, ϕ → γγ becomes the best channel for observing the light radion at the LHC. Since a peak in the diphoton invariant mass is a rather spectacular signal of new physics, the refinement of techniques to isolate two photons can be helpful in a more general context as well.
With the impressive performance of the electromagnetic calorimeter at the CMS and ATLAS experiments, and optimized event selection criteria for the diphoton signal, we have been able to observe the SM Higgs boson with large significance, even with nominal luminosities available at the 7 and 8 TeV runs. We are about to enter a regime of higher intensity running of the LHC with roughly double the center of mass energies. In view of this, the prospects of observing a light radion in the same mode are good. We demonstrate this with a detailed analysis of the radion signal and the SM background in the pp → γγ +X events at the 14 TeV run of LHC.
The SM backgrounds for these events are of course formidable. As for the case of Higgs signals, the γγ final state has backgrounds from not only prompt photon pairs, but also γj and jj production. Of these, the γj background can be substantial, especially for low diphoton invariant mass. We propose a systematic way of reducing these backgrounds without compromising too much on the signal rates.
Our paper is organized as follows. In Section II we describe briefly the RS model with an unmixed radion. In Section III we present our analysis and results for observing the radian in the diphoton channel. We finally summarize and conclude in Section IV. Additional formulas for production and decay of the radion are provided in the Appendices (V).
II. THE RADION IN MODELS WITH A WARPED EXTRA DIMENSION
In the original version of the Randall-Sundrum model, there is an extra space-like dimension, namely, y=r c φ, which is S 1 /Z 2 orbifolded. Two 3-branes with tensions of opposite signs are present at the orbifold fixed points φ = 0 and φ = π. Gravity propagates in the bulk and it mainly peaks at the first brane (φ = 0), called the hidden brane, whereas all other SM fields propagate on the second brane (φ = π), called the visible brane. The resulting non-factorizable 5-dimensional metric depends on the radius of compactification (r c ) of the additional dimension
The Planck mass associated with the 4-dimensional space-time (M P l ) is of the same order of magnitude as the 5-dimensional space-time Planck mass (M). They are related by
A field that propagates on the visible brane in the 5-dimensional theory carrying a mass parameter m 0 generates a physical mass m = m 0 e −kπrc in the 4-dimensional effective theory.
For the value of kr c ≃ 12, the Planck scale is reduced to the weak scale, thus solving the hierarchy problem.
The above metric allows two types of massless excitation. The first one is the fluctuation of the flat background metric that generates a bulk graviton. The second conceivable fluctuation is that of the compactification radius r c , which can be expressed as T (x), where T is a modulus field.
The Kaluza-Klein (KK) decomposition of the bulk graviton on the visible brane generates a discrete tower of states, with the zero mode as the massless graviton mode. The mass of the n-th KK mode of the graviton is given by
where x n is the n-th root of J 1 , the Bessel function of order 1.
The massless mode of the graviton couples to matter with a strength suppressed by the Planck mass. The corresponding couplings of the massive KK modes are suppressed at the TeV scale, with an effective coupling given by k/M P l , whereM P l is the reduced Planck mass. The KK excitations of the graviton can be directly probed at the LHC and recent experimental limits from available LHC data rule out the possibility of a mass below 2.67
TeV for the 1-st KK mode graviton with k/M P l = 0.1 [4] .
However, there is one more new physics component of the RS scenario. The radius r c of the compact dimension seems to be frozen ad-hoc at the requisite value for solving the hierarchy problem. This arbitrariness is removed if, as stated earlier, r c can be construed as the vev of a modulus field T (x) which quantifies the fluctuation about the stabilized radius. With this, the metric becomes
After Kaluza-Klein reduction of the 5-dimensional action and after integrating out the additional coordinate, the T (x) dependent part of the action is
Defining
This ϕ(x) field is known as the radion field. However, at this point there is no mechanism of stabilizing the radion field such that T (x) acquires its desired vev r c , since ϕ is prima facie massless. This stabilization is implemented through the Goldberger-Wise mechanism where an additional bulk scalar field is introduced, which develops an effective 4-dimensional potential on the brane. This potential generates the mass as well as the vev of the radion.
The parameters of the potential have to be such that it attains its minima for kr c = 12. The mass of the radion, essentially a free parameter, can be smaller than the TeV scale, even when the massive graviton modes are much heavier. The principle of general covariance allows the radion to couple with matter through the trace of the energy-momentum tensor.
Its interaction with the SM particles is given by
where T µ µ is the trace of energy momentum tensor T µν . Thus, the interaction of the radion with the massive SM particles is given by
The mass (m ϕ ) and vev (Λ ϕ ) of the radion determine its phenomenology, similarly to the case of the SM Higgs.
The effective couplings of ϕ with gluon and photon pairs are slightly different and have two components. The first one, just like for the SM Higgs, comes from the amplitude of the one-loop diagrams dominantly involving the top quark, and the W boson for the photon.
The second contribution arises from the trace anomaly for the massless gauge field. Thus, the interaction of the radion with a gluon pair is given by
where b 3 = 7 is the QCD β function. The effective diphoton interaction of the radion is similarly given by
where b 2 = 19/6 and b Y = −41/6 are the respectively SM SU(2) and U(1) Y β functions.
In principle, the radion can mix with the SM Higgs via general covariant terms, which trigger a kinetic mixing. The coefficient of this mixing term can affect the phenomenologies of both the radion and the Higgs field. As has been stated in the introduction, our purpose here is to find out signals of a light radion, for which such mixing is neglected in the first approximation.
III. ANALYSIS OF THE RADION IN THE TWO-PHOTON CHANNEL
A. Radion production and decay at the LHC At hadron colliders, the radion can be produced via gluon fusion or through W or Z fusion, and can also have associated production modes with W, Z bosons and tt. The first of the aforementioned production modes, receives a sizable boost from trace anomaly. The radion can also be produced in association with a W or Z boson. The radion produced in association with a gauge boson can decay to bb with sizable cross section. The final state will be either dilepton plus two b-jets or single lepton plus two b-jets. But the associated production channel is not of much use, due to its suppression by Λ ϕ , in contrast to the gluon-fusion channel where the trace anomaly term at least partially compensates with an enhancement. We analyzed the final states for such a signal and found that the SM dilepton background and single lepton background overwhelms the signal and is roughly three to four orders of magnitude higher than the signal. Another possibility is the production of the radion via vector boson fusion and its subsequent decay to bb. Here, too, the suppression in couplings by the radion vev is a problem; and on the whole, the 2j + bb SM background is also found to be larger than the signal by four to five orders of magnitude [36] . The most promising production channel thus remains the gluon fusion.
The production cross section of the radion in gluon fusion channel at the LHC is illustrated in Fig 1(a) We used a radion vev, Λ ϕ = 2 TeV in most of our subsequent analysis. This choice is consistent with the recent LHC data, which suggests a lower limit of about 1.8 TeV on the radion vev [4] . The cross-section corresponding to any other Λ ϕ can be obtained by simple scaling. The branching ratios of the radion to all possible final states are shown in Fig 1(b) .
Note that the different branching ratios of the radion decay are independent of Λ ϕ , since all interactions of the radion with SM particles is inversely proportional to it, including the radion width.
[GeV] As seen from Fig 1(b) , when the mass of the radion is less than 100 GeV, it decays dominantly into two gluons. However the two gluon final state gets swamped by the large QCD background at the LHC, making it a very difficult channel to observe any signal for a light radion.
This leaves two potential channels in which a light radion can be probed, namely, γγ and τ + τ − . From the experience with the Higgs boson, various subtleties involved in the analysis of a τ + τ − final state makes it more suitable as a channel which will confirm the presence of the radion, rather than one used for discovery. Furthermore, a light radion produces relatively softer τ 's, which can stand in the way of efficient identification. The diphoton final state, on the other hand, is more spectacular in terms of reconstruction, in spite of the low branching ratio. Thus the diphoton channel, when it comes to uncovering a radion in the mass range 60 -110 GeV, remains the most promising. We analyze it next.
B. The diphoton channel: signal and backgrounds
As stated, the diphoton channel for the radion is one with very high sensitivity, and should be given priority in the explorations at the 14 TeV run of the LHC. In our study we have varied the mass of the radion from 60 GeV to 110 GeV. The status of a heavier radion can be surmised from the 8 TeV run itself, for example, from reference [21, 28] in the zero-mixing limit. The diphoton signal for a radion of mass m ϕ > 100 GeV has also been considered in [29] . However, that analysis is based on a model with gauge fields in the bulk, where the diphoton rate receives an enhancement. Our study addresses a situation where (a) such enhancement is absent and (b) the radion is lighter than 100 GeV. On both counts, overcoming the backgrounds thus becomes a tougher challenge for us.
Two isolated photons in the final state can be mimicked by many SM processes. We classify the processes into two categories, reducible and irreducible.
• The irreducible background consists of two prompt photons in the final state. It originates from the tree level production viaannihilation (Born process) as well as from the one-loop process (box diagram) in gluon fusion with quarks running in the loop. The contribution from the latter is comparable to that from the Born level process because of the high gluon flux at low-x, where x represents the energy fraction of the colliding proton energy carried by the partons. These photons are as isolated as those arising from radion decay. Such isolated photon pairs constitute an irreducible background to to the signal in any search window for a mass peak [37] .
• The dominant reducible background arises from a prompt photon along with a jet.
A π 0 , a ρ or an η decays into two collimated photons that are identified as a single electromagnetic cluster in the detector. This causes the misidentification of jets as hard isolated photons. Although the probability of this misidentification in a particular event is small, the sheer volume of the γj cross-section turns it into a serious background. We suggest ways of reducing this kind of background in the subsequent analysis.
• Similarly, as above, two jets can be misidentified as a pair of isolated photons. The double misidentification probability, however, is small, and the dijet background is not significant in the present analysis.
• The Drell-Yan production of e + e − can also mimic diphotons, if the e ± tracks are not correctly reconstructed by the inner tracking chamber. We convolute the Drell-Yan background with a typical inefficiency of 5% for the track detector at the LHC [38] .
C. Signal versus Background: The Phoenix-effect
The signal events are generated in MADGRAPH 5 [39] , where the interaction vertices of the radion are included using the FeynRules [40] package. We have used PYTHIA 8 [41] for showering and hadronization of the signal events as well as for generating background events.
We adopted CTEQ6l1 [42] as our parton density function (PDF). The renormalization and factorization scales are kept at the default value of PYTHIA 8. To obtain sufficient statistics for the signal as well as for the background events, we divided our whole analysis into different phase space regions distinguished by the value of the radion mass. • |η γ | < 2.5.
The |η|-interval is reduced further to emulate the inefficient tracker region. These triggered photon candidates are required to have minimal hadronic activity. Jets are reconstructed in our analysis with |η| < 4.5 and p j T > 10 GeV using an anti-k t algorithm [44] . Photons arising from the jets are rejected by demanding that the scalar sum of the entire transverse energy within a cone of △R = 0.4 be less than 4 GeV * . Only those isolated photons which survive the above selection criteria qualify for our final analysis.
The p γ T distribution for background and signal are plotted in Fig. 2(a), 2(b) for m ϕ = 60 GeV, and in Fig. 2(c), 2(d) for m ϕ = 100 GeV. Other kinematic variables, such as angular separations, can be used as good discriminators at the generator level. However, once the detector resolutions are taken into account the distinct features of these variables are smeared. We find that the background coming from a prompt photon and a jet dominates over the two prompt photons background in the low (p γ T < 35 GeV) region. With increasing p γ T , the jet-γ misidentification rate decreases and hence the γj background falls gradually. Though the Drell-Yan background is two orders of magnitude lower than the direct photon background, it increases near the Z mass pole, and is comparable to the direct photon backgrounds. We find that the two-jet background is negligible, and thus we do not consider it in our analysis. As seen in Fig. 2 , radion mass-specific p γ T -cuts are effective, in view of the fact that a heavier radion generally yields harder photons. For a heavier radion, the fraction of events with harder p γ T in the signal is large compared to the background. Thus, it is easier to separate the signal events from the background by selecting harder photon candidates. The mass dependent p T cuts in our analysis are formulated as 
We finally select only those events that fall within the invariant mass window of ±3.5 GeV about the radion mass. If we consider the invariant mass window to be about 5 GeV, the background rate increases, thus reducing the signal-to-background significance (S/ √ B).
The cut flow for the signal with 60 GeV and 90 GeV radion mass and the corresponding SM background are presented in Table I . The mass dependent cuts along with the final signal-to-background significance are shown in Table II . In Fig. 3(a) , we plot the integrated luminosity required to achieve 5σ significance level for different radion mass. In Fig. 3(b) , we also plot the maximum vev of the radion that can be probed with 5 σ significance level for different mass values of the radion with two choices of the integrated luminosity. * This is an 'absolute isolation' criteria. One can alternatively require a relative isolation, demanding that the total visible p T within ∆R = 0.4 is less than 10% from that of the photon.
This raises the statistical significance for lower mass of m ϕ . . noted that the bump corresponding to the signal is sitting on the edge of the rising part of the background. This is in contrast with the familiar figure for Higgs reconstruction, where the bump is seen against a monotonically falling background profile. This effect is due to the strong p T − cuts that we must impose on the photons, causing an additional background suppression for low m γγ .
At this point, we should emphasize that we have carried out our analysis at the leading order (LO). To estimate how the predictions differ when including next-to-leading order effects, one notices that the K-factor for the production of an 80 GeV Higgs is approximately 2.0 [45] . For diphotons (including the fragmentation contribution), the same K-factor is around 1.3 [46] . Therefore, the inclusion of the NLO effects will, if anything, enhance our predicted significance. We also estimated the effects of varying the renormalization and factorization scales, which are set to be equal. The results presented here are based on using the default value for the renormalization scales(Q 2 ) of the event generator. Changing the scale to Q 2 = m γγ 2 and calculating the uncertainty by varying the scale from Q 2 /2 to 2Q 2 , the signal as well the background event rates change by about ± 10%. 
IV. SUMMARY AND CONCLUSIONS
While graviton excitations are immediately recognizable signals of warped extra dimensions, spectacular as such signals can be, the limit on the mass of the lowest such excitation is increasing rather rapidly. In view of this it is important to realize that the radion, con- nected in a compelling way to the stabilization of the extra dimension(s), can still be quite light, consistently with data available so far.
In this work, we indicated a method for detecting the signature of a light radion, in the range 60 -110 GeV, at the LHC. After analyzing all production and decay mechanisms, the diphoton decay channel following gluon fusion production emerges as the best and most promising signal. We thus focused on a pair of photons reconstructed to a peak at various mass windows, and applied cuts that can potentially suppress the backgrounds, where the prompt γγ production (at both the Born and box diagram levels) constitute the irreducible SM backgrounds. Event selection criteria have been suggested to reduce this as well as the (dominant) γj background, where the latter is responsible for producing a fake photon.
After carrying out a detailed simulation and taking into account all backgrounds, we find that one can separate the signal with a significance of 5σ or more, for an integrated luminosity of up to 3000 f b −1 . In general, less luminosity is required for a higher radion mass, as the background falls rapidly with increasing diphoton invariant mass. The diphoton mode also avoids any problem near the Z-pole, except of course the possibility of fakes from electron-positron pairs, which is found to be small.
Notwithstanding the fact that the original RS model has gone through several extensions where SM fields have been allowed to move in the bulk, radion phenomenology has not become markedly different in such extended versions. Thus our results are valid even in extensions of the RS model that allow SM fields in the bulk.
In an earlier work some of us showed that the LHC data at 8 TeV can constrain the radion rather effectively, in a mass range upward of 110 GeV. And now we have found that the range below 110 GeV, all the way down to 60 GeV, is also accessible to probe at the LHC, for the integrated luminosity crossing the attobarn level. The functions I 1 (x, λ) and I 2 (x, λ) are
where the loop functions f (x) and g(x) in (16), (17) and (20) are given by
